Normal rat aortas were incubated with their intimal surfaces in contact with a lipoprotein solution containing isotopically labeled free cholesterol. Uptake of cholesterol by the tissue increased with increasing concentration toward a plateau level. Maximum uptake of free cholesterol was estimated to be 13 fig/an-per 24 hours, and uptake at physiological cholesterol concentration was 7.9 fig/cm 2 per 24 hours. Aortas containing labeled cholesterol were prepared by intragastric administration of cholesterol-7a-8 H to normal rats. Experiments in vitro with these aortas demonstrated that efflux across the intimal surface was dependent upon presence of lipoprotein in the medium. This efflux was not retarded by prior boiling of the tissue. These results support suggestions that movement of labeled free cholesterol from plasma into the arterial wall may be largely the result of a physicochemical exchange between lipoprotein and endothelium.
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• Because of widespread suspicion that accumulation of cholesterol and its esters may constitute the fundamental metabolic change in atheroma formation, the kinetics of cholesterol within the arterial wall has been of considerable interest. Movement of labeled cholesterol from plasma lipoprotein to the normal aortic wall has been observed in vivo (1) and in vitro (2) , and movement into atheromata has also been observed (3) . It has been suggested that influx from plasma may be the major source of arterial wall cholesterol (1, 3) . Insofar as unesterified cholesterol is concerned, Newman and Zilversmit have referred to the alternative possibility that the observed transfer might be predominantly a physicochemical exchange of cholesterol between plasma lipoprotein and endothelial cell mem-brane (3) , analogous to the exchange between different classes of lipoproteins (4) and between lipoproteins and erythrocytes (5) . Support for this proposed mechanism was obtained by experiments which demonstrated uptake by nonviable (boiled) aorta (2, 6) , and by cyanide-treated tissues (6) .
These experiments did not entirely establish that the mechanism of transfer was exchange, and did not exclude the possibility of net movement of cholesterol from plasma into aorta. Because of the importance of this question, it seemed desirable to characterize the mechanism more clearly. As a step toward this end, we are reporting studies on the influence of plasma cholesterol concentration upon the uptake rate of labeled free cholesterol across the normal intima. This report also presents evidence that cholesterol can move from artery wall to plasma across the intimal surface, and that plasma lipoprotein must be present for such transfer to occur.
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ed and incubated with only their intimal surfaces in contact with the medium. The latter consisted of lipoprotein containing unesterified cholesterol-4-14 C, present at varying concentration in Krebs-Ringer phosphate buffer. After 3 hours of incubation, the amount of radioactivity in each aorta was determined. Details are given below.
Isolation of lipoprotein. Normal human plasma was centrifuged in the Spinco Model L ultracentrifuge, using the 30.2 rotor, for 30 min at 20,000 rpm. The creamy top layer was cut off with a tube sheer and discarded. Remaining plasma was again centrifuged under the same conditions and the upper 1 ml was discarded.
Infranatant plasma was diluted with an equal volume of 3.278 molal NaCl solution containing 0.01$ ethylenediaminetetraacetic acid (EDTA), yielding a solution with density of 1.065. To this was added sufficient solid KBr to increase density to 1.21. The solution was centrifuged at 30,000 rpm (79,000 Xg) for 18 hours. The upper layer, containing aand /3-lipoprotein, was retained.
The lipoprotein solution was dialyzed against two exchanges of 0.9$ NaCl containing 0.01$ EDTA for 48 hours, and was concentrated further by dialyzing against 25$ polyvinylpyrollidone (PVP) in Krebs-Ringer phosphate buffer for 48 hours (7) . Total and free cholesterol concentrations of the resulting solution were 2,500 mg/100 ml and 645 mg/100 ml, respectively. Bromide concentration was < 2 mg/100 ml (8) , and PVP concentration was 2.5 mg/ml (9) . Lipoprotein in this solution was principally (3-and pre-/?-lipoprotein with little a-lipoprotein (based on paper electrophoresis). Paper electrophoresis (10) yielded no evidence of lipidcontaining denaturation products.
Labeling of lipoprotein. Cholesterol-4-14 C, obtained from New England Nuclear Corp., was checked for radiochemical purity by thinlayer chromatography on silica gel G, using 16$ ether: 1$ glacial acetic acid:83$ hexane as the developing solvent Celite (100 mg) was coated with cholesterol-4-14 C, added to the lipoprotein solution, and stirred for 6 hours at 37°C. The lipoprotein solution was removed by centrifugation. It contained 9.48 X 10 8 counts/min per ml; the specific activity of free cholesterol was 1.47 X10 6 counts/min per mg. This procedure labels free cholesterol almost exclusively.
Preparation of tissues. Male Wistar rats weighing approximately 300 g were stunned by a blow on the head and decapitated. A section of thoracic aorta, from just below the arch to the diaphragm, was removed and freed of adhering fatty tissue. Surgical silk was passed through the lumen and the distal end of the arterial segment was ligated. The artery was everted by rolling it over the tied end. The proximal end was then ligated. Light microscopy revealed no alteration of morphology following this procedure.
Incubation and analysis. The labeled lipoprotein concentrate was diluted with Krebs-Ringer phosphate buffer (pH 7.4) to yield solutions with free cholesterol concentrations from 2.6 to 387 mg/100 ml (total cholesterol concentration 10 to 1,500 mg/100 ml). Glucose concentration was adjusted to 100 mg/100 ml by addition of 5$ glucose solution. Each aorta was incubated under oxygen in 4 ml of medium for 3 hours at 37°C. Previous experiments under these conditions have demonstrated linear uptake of cholesterol for 3 hours at normal serum cholesterol concentration (2) . After incubation each aorta was washed with 0.9$ NaCl solution. The tied ends were snipped off and discarded. The aorta was opened by a longitudinal cut and the adventitia was stripped off and discarded. 1 The remaining tissue (intima plus media) was washed with seven exchanges of 0.9$ NaCl solution. Area of the aorta was determined by calculation from the weight of aortic traces.
Total lipid was extracted by the procedure of Folch and co-workers (11) and assayed for radioactivity in a Packard Tri-Carb scinlr There is little leakage through aortic branches to the adventitial surface inside the sausage-shaped preparation, presumably due to kinking and compression of the branches. The adventitia was removed to standardize the preparation and to further minimize errors due to uptake across nonintimal surfaces. Uptake of cholesterol-4-' *C during a 3-hour incubation, plotted against free cholesterol concentration of the medium. Each point designates the radioactivity of a single aorta. filiation counter. Aortic uptake of cholesterol-4-14 C was taken as the difference between radioactivity of a sample incubated 3 hours and a comparable "zero time" sample incubated for 20 sec. The latter was included to correct for possible surface contamination as well as background.
RESULTS
Uptake of cholesterol-4-14 C, expressed as counts per minute per square centimeter of intimal surface, 2 is plotted against free cholesterol concentration of the medium in Figure 1 . Uptake rose with concentration, but approached a plateau at the higher concentrations. Uptake was almost maximal at free cholesterol concentrations above 103 mg/100 ml (total cholesterol, 400 mg/100 ml).
Maximum uptake into intima-plus-media may be calculated by dividing the plateau level in Figure 1 by the free cholesterol specific activity of the medium. Estimating the plateau level at 2,400 counts /min per cm 2 , -This appears more satisfactory on theoretical grounds than data expressed on the basis of tissue weight, but the latter are somewhat more precise. Data have been calculated both ways. The two methods of calculation lead to similar conclusions.
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one obtains a maximum free cholesterol uptake of 13 /tg/cm 2 per 24 hours. The mean of the observed values for the normal concentration range (50 to 100 mg/100 ml total cholesterol) yields a calculated flux of 7.9 /xg/ cm 2 per 24 hours. This value is in approximate agreement with values obtained from in vivo studies in the chicken (1).
Part I I : Efflux of Labeled Cholesterol

METHODS
General plan. The cholesterol of normal rat aortas was labeled in vivo by intragastric administration of cholesterol-7a-3 H. The aortas were removed, everted, washed exhaustively, and incubated in isotope-free serum or lipoprotein solution. Transfer of isotope out of the aortic wall was measured.
Preparation and incubation of tissues. Male VVistar rats weighing approximately 260 g were force-fed a single dose of olive oil containing 1.7 or 2.5 me of cholesterol-7a-8 H, and were decapitated after 16 hours or 3% days. Thoracic aorta was removed and everted as described above, then washed in seven exchanges of saline. Incubation was then carried out for six successive periods of 30 min each, under O 2 at 37°C. During the first three periods, three changes of Krebs-Ringer phosphate buffer were employed. 3 The next three periods employed either three changes of normal rat serum, or three changes of a solution of rat serum lipoprotein, dissolved in Krebs-Ringer phosphate buffer at normal serum lipoprotein concentration. At the end of incubation, intima-plus-media was freed of adventitia and washed once more with seven exchanges of 0.9% NaCl.
The lipoprotein solution for this experiment was prepared from normal rat serum. This was first centrifuged in a 40.2 rotor at 40,000 rpm for 1 hour. The top layer containing chylomicrons was discarded. The remaining serum was adjusted to a density of 1.21 as described by Havel, Eder, and Bragdon (12) and centrifuged at 40,000 rpm for 48 hours. The top layer, containing a-and /S-lipoproteins, was dialyzed against Krebs-Ringer phosphate buffer (pH 7.4) containing 0.01$ EDTA at 4°C for 72 hours, with buffer changes at 24-hour intervals. The resulting solution was concentrated by dialysis against 25% PVP (7) in Krebs-Ringer phosphate buffer for 6 hours at 4°C. The concentrate was diluted to a total cholesterol concentration of 47 mg/100 ml. The resulting solution contained 92% of the total cholesterol of the starting material. Its bromide concentration (8) was 1.3 mg/100 ml, and paper electrophoresis (9) revealed stainable lipid confined to the a-and /3-lipoprotein bands.
Analyses. Radioactivity measurements were made on the buffer solution, serum or lipoprotein solution, and aortas. In some experiments, cholesterol and cholesteryl ester were isolated and counted individually. For this purpose, total lipid was extracted into 2:1 chloroform-methanol (10) and 1 mg each of cholesterol and cholesteryl palmitate was added to half the sample. Cholesterol and sterol ester were separated chromatographically, using 5-g columns of either silicic acid (100 mesh, s In preliminary experiments, repeated simple washing was not satisfactory for removal of surface contamination. The procedure described here was adopted in order to minimize residual contamination and to permit correction for it. Mallinckrodt) or Florisil (60 to 100 mesh, Matheson, Coleman, and Bell). The latter had the advantage of faster flow. Using silicic acid, cholesteryl ester was eluted with 2% and 6% diethyl ether in petroleum ether, free cholesterol with 6% and 12% diethyl ether in petroleum ether. From Florisil, cholesteryl ester was eluted with 5% and free cholesterol with 15% diethyl ether in petroleum ether. Eluate was collected in 10 ml fractions. As tested with radioactive cholesteryl palmitate and cholesterol, recovery from both systems was quantitative, with no detectable hydrolysis of the ester. The other half of each sample was fractionated in the same manner and assayed for cholesterol and cholesterol ester content. In the case of serum and lipoprotein solution, this was accomplished by the method of Abell et al. (13) . The smaller samples from aortic tissue were analyzed by gas-liquid chromatography. These samples were first saponified with 2% NaOH in 95% ethanol for 2 hours at 60°C. After addition of an equal volume of water, nonsaponifiable material was extracted into petroleum ether. Its cholesterol content was determined by gas-liquid chromatography on a Barber-Coleman Model 10 instrument equipped with an argon ionization detector, with tritium as a radiation source. The column (72 inches long, 4 mm i.d.) was maintained at 185°C. The stationary phase was 4% XE60 (cyanomethylethyl and dimethyl silicone, Applied Science, State College, Pa.). Cholestane was used as an internal standard. Instrument response was related linearly to sample size over the range used (5 to 10 fig). Standard error of measurement was ± 8.2%. Table 1 . Most of the isotopic cholesterol was in the adventitia. Data on radioactivity of the buffer solutions and sera are shown in Figure 2 . There was an abrupt and large rise in efflux when serum was substituted for buffer. Each animal received 1.7 me of cholesterol-7a-8 H by intragastric administration and tissues were removed 16 hours later. The corresponding serum data are those in Figure 2 . 
RESULTS
Incubation in serum. Radioactivity of the tissue samples, after incubation, is shown in
Incubation in lipoprotein solution. Each of 4 rats received 2.5 me of cholesterol-7a-s H
Removal of cholesterol-7ot-s H from everted aortas by incubation in buffer and in serum. Each value is plotted at the end of the half hour incubation period. Letters at the left identify the animals.
intragastrically. Aortas were removed 3% days later. As in the experiment with serum, addition of lipoprotein to the incubation medium produced an abrupt rise in efflux of labeled cholesterol, followed by a slow decline ( Fig. 3) . In order to provide an estimate of the net effect of lipoprotein, the efflux of labeled cholesterol was extrapolated exponentially. Although it is not certain that the 
Remooal of cholesterol-!'a-'H from everted aortas by incubation in buffer and in lipoprotein solution.
In three of the four experiments, radioactivity in the buffer appeared to decline exponentially during the first 1% hours; extrapolation of this decline is shown by the shaded areas during the next three periods. Additional data appear in Table 2 .
decline was exponential, other reasonable forms of extrapolation, e.g. linear, would lead to similar conclusions. Further details of this experiment are shown in Table 2 . Serum esterified cholesterol of the donor rats had a slightly higher specific activity than did serum free cholesterol, and earlier work suggests that this was probably true throughout the 3#-day period (1) . Nevertheless, free cholesterol of aortic intimaplus-media had a much higher specific activity than did the ester, suggesting preferential uptake of unesterified cholesterol. Efflux of free cholesterol likewise appeared to be more rapid than that of the esterified fraction, as judged by an increase in the percentage of radioactivity in the former during exit from the aorta ( Table 2) .
A striking incidental observation is the fact that specific activity of cholesterol in aortic adventitia, at the end of the experiment, was consistently much greater than that in intimaplus-media (Table 2 ). This large discrepancy cannot be accounted for by efflux during the incubation period, even if one assumes that this efflux was exclusively from the intima and media.
In an additional experiment of identical design, but employing a different lipoprotein preparation, 2 of 4 aortas were boiled 15 min immediately prior to incubation. As indicated Each animal received 2.5 me of cholesterol-7a:-s H and tissues were removed Vk days later. The results of incubation are shown in Figure 3 .
•Rats from which aortas were obtained. fAt end of incubation. small to measure ( < 5 fjLg). in Figure 4 , boiling of the tissue did not impair the efflux of labeled cholesterol. In this experiment, radioactivity transfer into the medium continued to rise after the first 30 min of incubation.
Other details of this experiment are shown in Table 3 . Effect of prior boiling of tissue upon rate of efflux of radioactive cholesterol from normal aorta. Animals are identified at the left. Radioactivity data for the tissues are shown in Table 3 .
Discussion
The observed relationship between serum cholesterol concentration and the rate of influx into the aortic wall is consistent with a number of mechanisms. Enzymatic and pinocytotic processes appear to have been excluded by earlier experiments (2, 6) . Newman and Zilversmit have made the tentative proposal that a simple physicochemical exchange of free cholesterol molecules between plasma lipoprotein and endothelium may be the dominant process (3) , and experiments in this laboratory have provided support for this hypothesis (2) . It seems probable that the present experiments should be interpreted as measurements of the rate of such an exchange process, with perhaps no net movement of cholesterol into the aortic wall. However, it should be recognized that coexistence of other, less rapid mechanisms may contribute to the uptake.
It is possible to make estimates of the rate of turnover of free cholesterol in intima-plusmedia by uptake from, or exchange with, plasma cholesterol. The tissues described in Table  2 had a mean free cholesterol content of 34.4 /ig/cm 2 of intimal surface. Similar values are assumed for the tissues of the other experiments. Division of this figure by the calculated influx rates yields estimates of 4.4 days at normal serum cholesterol concentration, and Each animal received 2.5 me of cholesterol-7a-8 H intragastrically, and tissues were removed 3% days later. The results of incubation are shown in Figure 4. 2.6 days at infinite concentration, for a single turnover of free cholesterol (ignoring contributions by other processes such as synthesis). It is of interest to compare these figures with in vivo turnover data obtained by Field and his co-workers for human aorta. Ignoring contributions from local synthesis, free cholesterol turnover time was estimated to be 162 days in normal human intima and 118 days in normal media (14). Other published data on turnover of arterial cholesterol cannot be considered in this comparison because of inclusion of esterified cholesterol, adventitia, or atheromata. However, even the limited comparison between human and rat aorta suggests that cholesterol turnover rate in intima and media may be determined by the ratio of endothelial surface to tissue cholesterol mass.
In the experiments involving efflux of labeled cholesterol from aorta, appearance of small but declining amounts of radioactivity in the medium during incubation in buffer was interpreted as the result of simple washing. Failure to wash the samples free of radioactivity more readily may have been due to traces of serum in the orifices of branch arteries. The abrupt rise in radioactivity removed, when buffer was replaced by serum, suggested that the presence of lipoprotein promoted efHux of radioactive cholesterol. The additional experiments, using isolated lipoprotein rather than whole serum, confirmed this inference. Failure of boiling of the tissue to impair movement of cholesterol from aorta to lipoprotein makes it clear that viable cells and enzymatic processes are unnecessary for efflux to occur.
As with influx from lipoprotein to aortic wall, the observed efflux represented mostly movement of unesterified cholesterol. Taken with the findings already cited, this suggests further that simple physicochemical exchange is in fact the dominant process involved in transfer of radioactive cholesterol from plasma into arterial tissue. The present evidence requires serious consideration of possible exchange in interpretation of any experiments, in vitro or in vivo, involving labeled free cholesterol.
Efflux rates may be estimated from the data of these experiments if one assumes that cholesterol in intima and media had uniform specific activity, and that there was negligible change in this specific activity during the incubation. Despite uncertainty concerning the validity of these assumptions, the results of such calculations appear to be informative. Dividing mean efflux in counts per minute per half hour of incubation by mean free cholesterol specific activity in intima-plusmedia and correcting for surface area, one obtains an efflux rate of 0.321 /tg/cm 2 per half hour of incubation, or 15.4 fig/cm 2 per 24 hours-approximately twice the influx rate at normal serum cholesterol concentration estimated in Part I. It is possible that the difference is related to errors in the assumptions underlying the calculations. Influx is likely to have been underestimated, since the calculations ignore possible penetration of labeled cholesterol to the adventitia and ignore recycling to the incubation medium. The calculated efflux might represent an overestimate if specific activity was higher in intimal cholesterol than in the media. One cannot exclude the possibility that there is some net efflux of cholesterol, nor that the difference in calculated rates may be largely the result of experimental error. While neither the influx rate nor the efflux rate as calculated here can be considered accurate, the true rates are probably within the range defined by these figures.
The very high specific radioactivity in cholesterol of adventitia (Table 2) , after intragastric administration of cholesterol-7a-3 H, was an interesting incidental finding. Specific activity in free cholesterol of adventitia, 3J4 days after administration of the labeled material, was almost double that in serum and was severalfold that in intima-plus-media. Since data are available for only a single time interval, it is not possible to draw clear kinetic inferences from this information alone. However, it may be that in the rat aorta, as in the human aorta (14), free cholesterol turnover is more rapid in adventitia than in the other layers.
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